To develop an instrument to measure subjective quality of vision: the Quality of Vision (QoV) questionnaire. METHODS. A 30-item instrument was designed with 10 symptoms rated in each of three scales (frequency, severity, and bothersome). The QoV was completed by 900 subjects in groups of spectacle wearers, contact lens wearers, and those having had laser refractive surgery, intraocular refractive surgery, or eye disease and investigated with Rasch analysis and traditional statistics. Validity and reliability were assessed by Rasch fit statistics, principal components analysis (PCA), person separation, differential item functioning (DIF), item targeting, construct validity (correlation with visual acuity, contrast sensitivity, total root mean square [RMS] higher order aberrations [HOA]), and test-retest reliability (two-way random intraclass correlation coefficients [ICC] and 95% repeatability coefficients [R c ]). RESULTS. Rasch analysis demonstrated good precision, reliability, and internal consistency for all three scales (mean square infit and outfit within 0.81-1.27; PCA Ͼ60% variance explained by the principal component; person separation 2.08, 2.10, and 2.01 respectively; and minimal DIF). Construct validity was indicated by strong correlations with visual acuity, contrast sensitivity and RMS HOA. Test-retest reliability was evidenced by a minimum ICC of 0.867 and a minimum 95% R c of 1.55 units. CONCLUSIONS. The QoV Questionnaire consists of a Raschtested, linear-scaled, 30-item instrument on three scales providing a QoV score in terms of symptom frequency, severity, and bothersome. It is suitable for measuring QoV in patients with all types of refractive correction, eye surgery, and eye disease that cause QoV problems. (Invest Ophthalmol Vis Sci. 2010;51:5537-5545) DOI:10.1167/iovs.10-5341 Q uality of vision (QoV) is a subjective entity based on an individual's unique perception of his or her vision. This perception is multifactorial, consisting not only of visual factors but also of psychological factors. Although optics and vision can be easily measured, none of these measurements explain how the patient subjectively perceives his or her vision; they provide only an indication.
Q uality of vision (QoV) is a subjective entity based on an individual's unique perception of his or her vision. This perception is multifactorial, consisting not only of visual factors but also of psychological factors. Although optics and vision can be easily measured, none of these measurements explain how the patient subjectively perceives his or her vision; they provide only an indication. 1 Two patients may have identical visual function in terms of objective and subjective testing but very different perception of their QoV. Eye disease, refractive surgery, spectacles, and contact lenses may change QoV. [2] [3] [4] [5] [6] [7] [8] [9] Therefore, the patient's perception of QoV may be an important outcome measure, but measuring perception requires a thoroughly developed and validated questionnaire.
Many vision-related questionnaires have been developed, but none that specifically measures only QoV. Some instruments include QoV questions, but the questions are mixed in with the measurement of other latent traits such as visual disability. 10 -14 This combining of traits is a problem because all items that are combined to produce a score should measure a single trait; otherwise, the meaning of the measurement is unclear. 15 Second, averaging scores across all items erroneously assumes that the result provides an interval scale. It cannot be assumed that the difficulty of all questions is the same and the difficulty step between each category is constant; hence, the scaling may not be additive or linearly related to the trait under investigation. 16 Such instruments are inadequate for dealing with unanswered items and are not suitable to arithmetic functions. Item response models such as Rasch analysis have demonstrated the limitations in traditional summary (Likert) scoring [17] [18] [19] [20] and overcome these problems with the transformation of ordinal raw scores into linear interval scales. 21 Rasch analysis consists of a family of psychometric models that provides a valid measurement of the latent trait, in this case, QoV, with recognized superiority over summary scoring methods. 17 , 22 Rasch analysis provides a transformation to interval scoring via the probabilistic relationships between items (questions) and respondents. It has been used extensively in questionnaire development [23] [24] [25] [26] and also for the redevelopment and improvement of preexisting questionnaires. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Owing to the absence of a valid QoV instrument, a new instrument was conceived: the QoV Questionnaire, developed using Rasch analysis. The purpose of this study is to develop an instrument to measure QoV and to test its validity and reliability. The intended population includes patients with and without refractive correction in the form of spectacles, contact lenses, laser refractive surgery, and intraocular refractive surgery with various types of intraocular lenses (IOLs) and patients who have eye diseases that cause QoV problems, such as cataract.
METHODS

Prestudy and Questionnaire Design
Items were identified via an extensive literature review and in focus groups with nonexperts and experts in the fields of refractive correction, questionnaire design, and subject interviews, to ensure content validity. The items were constructed and written at a comprehension level suitable for a 12-year-old. 37 Further focus groups and interviews helped assess the instrument for item redundancy, representation, and face validity, thus condensing the pilot questionnaire into a 10-symptom instrument with each item consisting of three questions regarding the frequency, severity, and bothersome of the items, hence, resulting in a 30-item QoV instrument (Table 1) . These steps are displayed in a flowchart (Fig. 1) . For the first seven QoV symptoms, an accompanying image was developed to aid in understanding the questions and to reduce the possibility of inconsistent responses (Fig. 2) . Further focus groups and interviews helped optimize instrument layout, wording, and instructions.
Four response categories were chosen for each item, to provide the opportunity to discriminate levels of symptoms with a low possibility of redundancy, as it has been shown that respondents tend to use only four or five categories. 38 Categories were also labeled with descriptive wording that was refined with focus groups and interviews, with consistent wording for each item asking about frequency, severity, and bothersome ( Table 2) . Most of the focus group participants and interviewees preferred descriptive words rather than a numeric 0 to 3 response scale.
Subjects
Subjects consisted of patients with and without refractive correction in the form of spectacles, contact lenses, laser refractive surgery, and intraocular refractive surgery with various types of IOLs (including multifocal lenses) and patients with cataract. The pilot questionnaire was completed by 900 respondents (mean age: 34 years; range, 21-78 years; percentage female: 57%). From this group, 150 respondents were spectacle wearers, 150 were contact lens wearers, 300 had undergone laser refractive surgery (consisting of laser in situ keratomileusis [LASIK], laser-assisted subepithelial keratectomy [LASEK] , and photorefractive keratectomy [PRK] surgeries for various refractive errors), 150 had cataract, and 150 had undergone lens implantation surgery (with monofocal, multifocal, and pseudoaccommodative IOLs). These study groups were chosen because they were thought to represent the groups for which a QoV instrument would be most applicable. Equal numbers of subjects were selected for each group to ensure equal input into the formation of the questionnaire; so as not to bias the instrument in favor of one group or another. Statistical analysis was calculated with commercial software (Excel; Microsoft Corp., Redmond, WA and Statistical Package for the Social Sciences (SPSS), Version 17.0, Chicago, IL). The study was approved by the University of Ulster Research Ethics Committee and adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study.
Rasch Analysis
The Rasch model is based on a probabilistic relationship between item difficulty and person ability. In a simple two-answer (endorse/ How bothersome is the difficulty judging distance or depth perception? FIGURE 1. Flowchart demonstrating the steps involved in the questionnaire development.
does not endorse) model, the probability of endorsing an item is expressed as a function of the size of the difference between the ability (B) of the person (n) and the difficulty (D) of the item (i). Raw scores are converted into odds of success; the ratio of person percentage success (p) to person percentage failure (1 Ϫ p). The natural log of this ratio is the person ability estimate (Bn) and similarly for item difficulty estimates (Di). The result gives both person ability (Bn) and item difficulty (Di), expressed on a logit scale with the average logit of 0. Positive logits hence indicate higher than average probabilities of endorsing items and negative Not at all (0) A little (1) Quite (2) Very (3) FIGURE 2. Quality of vision pictures used in the first seven visual symptom items.
logits lower than average probability of endorsing items. This transformation turns the original questionnaire responses (raw ordinal data) into continuous interval data (like a ruler), providing a linear measurement. In the context of this study, difficulty and ability are synonymous with symptoms. A polytomous Andrich rating scale model 39 was performed using Bond and Fox Steps software (a customized version of Winsteps, Chicago, IL). 40 Three separate Rasch analyses were performed on the 30 items and 900 respondents: one analysis for the 10 frequency items, the 10 severity items, and the 10 bothersome items.
The response category performance was evaluated by observing whether the category calibration increased in an orderly fashion in the probability curves. Fit statistics (infit and outfit) were used to determine whether items fitted the Rasch model and whether the items measured a single latent trait (unidimensionality). Fit statistics focus on two aspects that can be reported as a mean square (MNSQ) or as a z-score (ZSTD), with expected values of 1 and 0, respectively. The MNSQ residual statistic is normalized to the average expected variance, such that a residual of less than 0.70 indicates at least 30% less variance than expected, suggesting possible redundancy or lack of variance to provide new information to the instrument, and residuals greater than 1.30 indicate at least 30% more variance than expected, suggesting that items may be measuring something different to the overall scale. 15, 26, 40 The MNSQ was used in this study, and an acceptable infit and outfit guidance for item removal is outside the range of 0.70 to 1.30, which was adhered to in this study. 15 To complement fit statistics in the assessment of unidimensionality, we performed a principal components analysis (PCA) of the residuals. 41 Empiric and modeled variance explained by the measures were compared for the three scales. A variance greater than 60% indicates a low possibility of finding additional components. Multidimensionality was found to occur if a contrast had the strength of at least two items (eigenvalue Ͼ2.0), as above this value is the magnitude that occurs with random data. 40, 42 Rasch-derived person and item separation statistics indicate the overall precision of the instrument. The greater the value of person separation, the greater the precision, enabling a greater distinction between levels of symptoms. 43 A minimum acceptable cutoff for the person and item separation ratio was 2.0. 15 Targeting was assessed to compare the item QoV score to person QoV score by observation of the item-person map. The logit scale was transformed into a 0 to 100 scale to produce the item-person map. The calibration of the items should be comparable across the five different groups included in this study; items operating in a similar way regardless of the group being investigated. The differences in item difficulty across respondent groups are known as differential item functioning (DIF). 44 The five groups assessed for DIF were spectacle wearers (1), contact lenses wearers (2), laser refractive surgery (3), cataracts (4), and intraocular lens or cataract surgery (5). A notable DIF was classified as a value greater than 1.0 logits.
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Instrument Performance Statistics
Construct validity refers to the ability of the instrument to measure QoV, which was assessed by correlations. Three construct hypotheses were evaluated due to the lack of a gold standard QoV instrument. The QoV scores in 20 randomly selected subjects was compared with logMAR visual acuity, contrast sensitivity, and total root mean square (RMS) higher order aberrations (HOA) by a Pearson product-moment correlation coefficient (r). LogMAR visual acuity and Pelli-Robson contrast sensitivity were measured on the Test Chart 2000 (Thomson Software Solutions, Herts, UK) under photopic conditions. The RMS HOA were measured with an aberrometer (OPD-Scan II ARK-10000; Nidek, Gamagori, Japan) across a 5-mm pupil diameter. Measurements were taken for both eyes, and the average value calculated and used for correlation analysis.
Twenty subjects were invited to repeat the questionnaire 10 days after the first completion, to assess the instrument's test-retest reliability, calculated by a two-way, single-measure intraclass correlation coefficient (ICC), and the repeatability was assessed by calculating the 95% repeatability coefficient (R c ). 45 The repeatability coefficient was calculated by determining the SD of the differences between repeated measures and multiplying by 2, which conforms to the British Standards Institution. 46 Statistical significance was set at P Ͻ0.05. A spreadsheet, entitled the QOV calculator, for converting raw scores to Rasch scaled scores (Excel; Microsoft) was developed for use by other investigators wishing to use the instrument and gain the benefits of Rasch scoring.
RESULTS
Pilot Questionnaire Evaluation
The response categories functioned as intended, as illustrated by category structure calibration and observed averages increasing in an orderly fashion for the three scales, displayed graphically in Figure 3 .
Fit statistics were all within the acceptable MNSQ range of 0.70 to 1.30 (Tables 3-5 Unidimensionality was also demonstrated with PCA. Empiric and modeled variance explained by the measures was similar for all three scales. All percentages were greater than 60%, indicating a low possibility of finding additional components. Unexplained variance explained by the first contrast was not greater than 2.0 eigenvalues for all three scales (Table 6) .
Stable item symptoms were demonstrated with an item separation of 14.23 (reliability 1.00), 14.55 (reliability 1.00), FIGURE 3. Category probability curves for the four response categories for frequency, severity and bothersome. The x-axis represents the severity of symptoms (difference between item and person calibration) and the y-axis represents the probability of the category being chosen. and 12.82 (reliability 0.99) for the frequency, severity, and bothersome scales, respectively. Acceptable person discriminate symptoms were demonstrated with a person separation of 2.08, 2.10, and 2.01 for frequency, severity, and bothersome scales, respectively.
There was very little DIF (Table 7) , with only 8 of 30 items affected and all 8 items included only three symptoms: hazy vision, distortion, and double vision. In all cases, it was the spectacle-or contact lens-wearing group that had an item calibration different from that of one of the disease groups, usually the cataract or cataract surgery groups. Figure 4 demonstrates the person-item map with subjects appearing on the left and items on the right in ascending order of more frequent, severe, or bothersome symptoms. The items are located in order of their impact on QoV from the bottom to the top. Greater scores indicate greater amounts of symptom frequency, severity, or bothersome. The map is the logit scale transformed into a 0 to 100 scale, with item targeting indicating items in all three scales had more symptoms than person symptoms. The mean mistargeting was 2.0 logits for frequency, 1.9 logits for severity, and 2.6 for bothersome.
Instrument Performance
Construct validity indicated positive correlation between QoV scores and logMAR visual acuity; frequency scale r ϭ 0.72 (95% CI, 0.41-0.88, P Ͻ 0.001), severity scale r ϭ 0.64 (95% CI, 0.28 -0.85, P ϭ 0.002), and bothersome scale r ϭ 0.35 (95% CI, Ϫ0.09 to 0.70, P ϭ 0.130). There was a negative correlation between QoV scores and contrast sensitivity; frequency scale r ϭ Ϫ0.80 (95% CI, Ϫ0.56 to Ϫ0.92, P Ͻ 0.001), severity scale r ϭ Ϫ0.73 (95% CI, Ϫ0.43 to Ϫ0.90, P Ͻ 0.001), and bothersome scale r ϭ Ϫ0.57 (95% CI, Ϫ0.17 to Ϫ0.80, P ϭ 0.009). A positive correlation was found between QoV scores and total HOA; frequency scale r ϭ 0.71 (95% CI, 0.39 -0.88, P Ͻ 0.001), severity scale r ϭ 0.61 (95% CI, 0.22-0.83, P ϭ 0.005), and bothersome scale r ϭ 0.69 (95% CI, 0.36 -0.87, P ϭ 0.001).
Test-Retest Reliability and Repeatability
The two-way, single-measure ICC for test-retest reliability was 0.992 (95% CI, 0.981-0.997) for the frequency scale, 0.872 (95% CI, 0.851-0.901) for the severity scale, and 0.867 (95% CI, 0.833-0.898) for the bothersome scale. The 95% R c ϭ 2.96, 1.55, and 3.32 for the frequency, severity, and bothersome scales, respectively.
DISCUSSION
The QoV Questionnaire was developed using conventional statistics, and Rasch analysis providing a reliable and valid quantitative linear measurement. The major advantage of the use of Rasch analysis is that estimates are on a linear interval scale, not an ordinal scale, and so the QoV Questionnaire is capable of measuring the change in symptoms more accurately and is better equipped at dealing with omitted items, hence overcoming the limitations of other instruments. 10 -14 The prestudy consisted of item selection from a wide variety of contributors across a variety of disciplines, including focus groups, subject interviews, and literature reviews ensuring that all appropriate items were included. The selection process was carefully refined with multiple pilot tests and further with focus groups and interviews. This process is important, as it provides content validity. The questionnaire was administered to a target population where it is anticipated it will be used.
The 30 item QoV Questionnaire was separated into three scales because there are three different types of questions asked: frequency of visual symptoms, the severity of the symp- tom, and how bothered the patient is by the symptom. Ten frequency items, 10 severity items, and 10 bothersome items were formed, with the three scales undergoing three separate Rasch analyses. This provides for three measures of QoV: a measure of the frequency of symptoms, the severity of symptoms, and the level of bother of symptoms.
The results of the Rasch analysis demonstrate that the QoV Questionnaire has good psychometric qualities. Category probability curves indicated good category discrimination and orderly category structure for all three scales. Fit statistics indicated that all items fitted the Rasch model and together with PCA demonstrated unidimensionality. Good item and person separation values were also found for all three scales, indicating stable item difficulty and good person discriminative ability. There was minimal DIF, with the questions relating to hazy vision, distortion, and double vision, showing some differences in diseased and nondiseased eyes. However, the magnitude of the DIF was unlikely to be problematic. The person-item map indicates that items targeted the more symptomatic end of the QoV scales. Sometimes items are removed from questionnaires so that the average item difficulty/symptoms would correspond to the average person ability/symptoms. However, for a symptom instrument, it was anticipated that some mistargeting would occur, as many patients do not have any QoV problems, a situation frequently encountered in symptom-based questionnaires. Therefore, we feel the targeting is satisfactory.
In the assessment of the instrument's performance, the QoV scores were compared to three constructs; visual acuity, contrast sensitivity and total RMS HOA. Correlations were as expected, with positive correlations between QoV scores and logMAR visual acuity and total RMS HOA. A negative correlation was found for QoV scores with contrast sensitivity (better contrast sensitivity is a higher score, opposite to logMAR visual acuity and total RMS HOA). This questionnaire may measure QoV but differentiation between right and left eyes is not possible in these construct hypotheses; hence an average value was calculated for both eyes. We are aware that this is a simplification assuming equal integration of image perception of both eyes. A very high correlation would suggest that the instrument provides information which is too similar to the construct under investigation and not providing sufficient additional information. A very low correlation may indicate that the two measures which are hypothesized to be related are actually not well related. Suggested guidelines for correlation coefficients are in the range of 0.3 to 0.9, which was found in this study. 15 The QoV Questionnaire test-retest performance was excellent for all three scales with a minimum ICC of 0.867 and a minimum 95% R c test-retest repeatability of 1.55 units.
Refractive correction is an extremely common treatment because of the large prevalence of refractive error in the population. 47 Refractive error is typically corrected with spectacles, contact lenses, laser refractive surgery, or intraocular refractive surgery. However, QoV symptoms are one of the most frequent problems after refractive surgery correction in its various forms and nonsurgical correction, such as spectacles and contact lenses. [3] [4] [5] 48, 49 In particular, patients undergoing laser refractive surgery tend to have excellent vision with spectacles and a decrease in QoV caused by laser surgery is ultimately undesirable. However, the incidence of QoV problems are fewer with modern ablation lasers that employ larger treatment/blend zones, eye trackers, and wavefront technology 2 ; however, the problems are still very significant with intraocular refractive surgery, particularly with multifocal IOLs. 5, 50 Spectacle lenses and contact lenses may affect QoV, depending on many factors such as the lens power, material, base curve, asphericity, refractive index, antireflective coatings, and lens scratches, with more recent developments using wavefront optics in an attempt to improve visual performance and QoV (Jethmalani J, et al. IOVS 2004; 45 :ARVO E-Abstract 2764). 6 -8,51-53 Crystalline lens opacities have long been known to cause QoV problems. 9 The cause of these symptoms may be ascertained from objective testing, but it is unknown how different visual aspects combine to provide overall visual quality perceptions. 54 It is also unknown how objective clinical test results relate to a patient's everyday life along with the variation among patients. 55 These issues are the focus of our ongoing research in this area. In light of this need, it is necessary to accurately evaluate the patient's subjective QoV, which is best achieved with a ques- 56 This approach would be valid also and advantageous if there were a large number of QoV items (as there are for visual disability) because implementing a subset of items targeted to the person would be more efficient. However, since there appears to be only a small number of QoV items (10 concepts), we elected to take the simple questionnaire approach as we thought it may aid in utilization.
In conclusion, we have developed an instrument to measure subjective QoV: the QoV Questionnaire. It is a Rasch-tested, lin- Data are expressed in logits (log-odds of the level of symptoms of an item relative to the symptoms of the total set of items analyzed) and the listed subgroup rated these items as easier relative to other symptoms by the amount of logits indicated in the parentheses.
ear-scaled, 30-item instrument on three separate scales providing a QoV score for frequency, severity and bothersome of symptoms. It is also equipped to quantify change and account for missing data. It is suitable for use in clinical practice, clinical trials, and research studies for measuring QoV in patients with and without refractive correction in the form of spectacles, contact lenses, laser refractive surgery, intraocular refractive surgery with various types of IOLs and for patients with eye disease, such as cataract.
A PDF file containing the QoV Questionnaire and a convenient Excel QoV calculator is available from the corresponding author.
